The location and abundance of Campylobacter jejuni and Campylobacter lanienae in the intestines of beef cattle were investigated using real-time quantitative PCR in two studies. In an initial study, digesta and tissue samples were obtained along the digestive tract of two beef steers known to shed C. jejuni and C. lanienae (steers A and B). At the time of slaughter, steer B weighed 540 kg, compared to 600 kg for steer A, yet the intestine of steer B (40.5 m) was 36% longer than the intestine of steer A (26.1 m). In total, 323 digesta samples (20-cm intervals) and 998 tissue samples (3.3-to 6.7-cm intervals) were processed. Campylobacter DNA was detected in the digesta and in association with tissues throughout the small and large intestines of both animals. Although C. jejuni and C. lanienae DNA were detected in both animals, only steer A contained substantial quantities of C. jejuni DNA. In both digesta and tissues of steer A, C. jejuni was present in the duodenum and jejunum. Considerable quantities of C. jejuni DNA also were observed in the digesta obtained from the cecum and ascending colon, but minimal DNA was associated with tissues of these regions. In contrast, steer B contained substantial quantities of C. lanienae DNA, and DNA of this bacterium was limited to the large intestine (i.e., the cecum, proximal ascending colon, descending colon, and rectum); the majority of tissueassociated C. lanienae DNA was present in the cecum, descending colon, and rectum. In a second study, the location and abundance of C. jejuni and C. lanienae DNA were confirmed in the intestines of 20 arbitrarily selected beef cattle. DNA of C. jejuni and C. lanienae were detected in the digesta of 57% and 95% of the animals, respectively. C. jejuni associated with intestinal tissues was most abundant in the duodenum, ileum, and rectum. However, one animal contributed disproportionately to the abundance of C. jejuni DNA in the ileum and rectum. C. lanienae was most abundant in the large intestine, and the highest density of DNA of this bacterium was found in the cecum. Therefore, C. jejuni colonized the proximal small intestine of asymptomatic beef cattle, whereas C. lanienae primarily resided in the cecum, descending colon, and rectum. This information could be instrumental in developing efficacious strategies to manage the release of these bacteria from the gastrointestinal tracts of cattle.
Beef cattle production is predominant in the Chinook Health region in southern Alberta, Canada. The prevalence of Campylobacter infections in humans in this region is higher than the national average and has increased three times faster than the population growth (Paul Hasselback, Canadian Laboratory Medicine Congress, Calgary, Alberta, Canada, May 2002). Perhaps beef cattle are an important reservoir of Campylobacter species infecting humans in this region. Many Campylobacter species are present in the feces of beef cattle (17, 18, 19, 20, 26) ; in particular, Campylobacter lanienae and Campylobacter jejuni are frequently shed in large numbers (20) . The frequency of campylobacteriosis in human populations is often not correlated with Campylobacter in poultry (25) , and genotyping has suggested that cattle may be an important source of human-pathogenic campylobacters (9, 30, 31, 34, 36) . Furthermore, waterborne Campylobacter species from a bovine source were implicated in the infection of a large number of people at Walkerton, Ontario, Canada, in 2000 (7) , and passive surveillance information in the Chinook Health region of Alberta suggests that cattle production is linked to the transmission of Campylobacter to humans (Hasselback, Canadian Laboratory Medicine Congress, 2002).
Very limited information is available on the process of colonization of the gastrointestinal (GI) tracts of cattle by Campylobacter species. Although campylobacters have been isolated from the intestines of healthy calves and adult cattle (13, 28, 32, 37) , as well as from calves exhibiting signs of enteritis (1, 2, 3, 4, 5, 39, 40) , detailed examination of the site of colonization of the intestines of healthy cattle has not been undertaken. In this regard, real-time quantitative PCR (RTQ-PCR) allows quantification of DNA of specific taxa within the digestive tract (18) . The objective of the current study was to use RTQ-PCR to measure the distribution and abundance of C. jejuni and C. lanienae in the intestines of beef cattle naturally colonized by Campylobacter species.
MATERIALS AND METHODS
Chronically shedding cattle. Two beef animals (steers A and B) were selected from a previous trial in which the chronic shedding of Campylobacter species in feces was examined (20) . These two steers shed substantial numbers of C. jejuni and C. lanienae for a prolonged time in the feedlot. They were fed a barley-based diet until slaughter. Each animal was euthanized humanely under the supervision of a licensed veterinarian on separate mornings (2 and 4 April 2003) . The GI tract of each animal was removed approximately 10 min after death and placed on a clean sheet of plastic on a cool cement floor; tissue processing was started immediately, and tissues (and digesta) from the proximal duodenum to the rectum were obtained as shown in Fig. 1 . Initially, the small and large intestines were tied at approximately 20-to 40-cm intervals (to prevent movement of digesta), anatomical landmarks were identified, and colored strings were used to distinguish the anterior and posterior ends. Preliminary removal of mesentery was conducted, the intestine was divided into "portions" that were 61 to 580 cm long (Fig. 1A) , the lengths were measured, and each portion was placed in a plastic bag and transported on ice to the necropsy facility located at the Lethbridge Research Centre. In addition, the pancreas was removed from steer B and placed on ice until it was processed. Tissues were maintained on ice for ca. 2 to 11 h. In the necropsy room, the intestinal portions were cut into 20-cm "sections" (Fig. 1B) . The "sections" were excised longitudinally using scissors that were free of Campylobacter DNA, and the digesta was aseptically removed with a pipette tip (Fig. 1C) . Approximately 200 mg of digesta was placed in a DNA-free 5-ml tube, and samples were immediately placed at Ϫ20°C. The "sections" were then gently washed with sterile phosphate-buffered with saline (0.2 mol liter Ϫ1 ) (PBS) (10 mM sodium phosphate buffer with 130 mM sodium chloride [pH 7.2]); care was taken to remove digesta while minimizing disruption of mucus on the mucosal surface. Following washing, tissue plugs were collected at 3.3-cm intervals with a sterile 4-mm-diameter Biopsy Acu-Punch (CDMV, St. Hyacinthe, Quebec, Canada) free of Campylobacter DNA; five tissue samples were taken from each 20-cm "section" (Fig. 1C) . Intestinal and pancreatic tissue samples were then removed from the punch with a clean pair of forceps, and the plugs were individually placed in DNA-free 2-ml microcentrifuge tubes and immediately placed at Ϫ20°C.
Cattle survey. In a subsequent study, the intestines of 20 arbitrarily selected beef cattle were obtained from an abattoir on six separate occasions (28 and 29 January 2004, 2, 9, and 12 February 2004, and 6 April 2004). These cattle ranged in age from 18 to 26 months. The cattle were humanely euthanized, and intestinal samples were obtained within ca. 15 to 30 min after death. Eleven gut sections (length, ϳ20 cm) were obtained from each animal at the following locations: (i) proximal duodenum (i.e., following the cranial flexure), (ii) distal duodenum (following the caudal flexure), (iii) proximal jejunum, (iv) central jejunum, (v) distal jejunum, (vi) ileum (ϳ10 cm before the ileal-cecal junction), (vii) free end of the cecum, (viii) proximal loop of the ascending colon, (ix) central flexure of the ascending colon, (x) descending colon (ϳ20 cm before the sigmoid colon), and (xi) rectum. Before excision of the gut sections, bilateral ligatures were applied adjacent to the excision site to minimize external contamination of the tissues with digesta. Tissue samples were then placed in individual bags on ice and transported to the necropsy room (ca. 2 to 4 h). In the necropsy room, samples were excised longitudinally, digesta was aseptically removed and collected, and the mucosa was washed as described above. Only digesta from the rectum and descending colon (if adequate quantities of digesta could not be obtained from the rectum) were processed. Biopsy samples were obtained as described above, except that three samples (obtained in close proximity to each other) were obtained from each tissue. One biopsy sample was used for DNA extraction, and the other two were processed for microscopy.
DNA extraction. For digesta, a QIAamp DNA stool mini kit (QIAGEN Inc., Mississauga, Ontario, Canada) was used to extract DNA from 200 Ϯ 5 mg of feces from each sample by using the manufacturer's protocol for isolation of DNA from stools for pathogen detection, except that adjustments were made for the differential weights of digesta by adjusting the amount of ASL buffer used (17) . For tissues, a QIAGEN DNeasy tissue kit (QIAGEN Inc.) was used according to the manufacturer's protocol. To determine whether PCR inhibitors had been sufficiently removed to allow amplification, an internal amplification control (IAC) was used (17) ; inclusion of an IAC was necessary to eliminate false-negative results (15) . The IAC was constructed by deleting a fragment of the C. jejuni ATCC 49943 16S rRNA gene, and it was designed to amplify under the same PCR conditions as the genus Campylobacter primer set but to yield a 475-bp product instead of the 816-bp product. Prior to extraction, 15 l (700 copies/l) of the IAC was added to thawed digesta and tissues. All DNA samples were stored at Ϫ20°C until they were used.
PCR. All DNA was subjected to PCR for the genus Campylobacter as described previously (17) . The presence of either a genus-specific or IAC amplicon indicated that there had been adequate removal of PCR inhibitors. Samples that were positive for Campylobacter DNA were then subjected to nested or nonnested RTQ-PCR, as described by Inglis and Kalischuk (18) . Nested RTQ-PCR was used for C. lanienae (primer set 2), whereas nonnested RTQ-PCR was used for C. jejuni. To prepare the quantification standard, C. jejuni and C. lanienae cells were plated on brucella agar and Karmali agar, respectively, and scraped from the agar surface 48 h after plating. DNA was extracted from the harvested cell mass using a DNeasy kit (QIAGEN Inc.) according to the manufacturer's protocol. DNA was measured fluorimetrically using a Hoefer DyNA Quant 200 apparatus (Amersham Biosciences Corp., Piscataway, NJ); calf thymus DNA (Calbiochem, San Diego, CA) was used as a standard. The numbers of C. jejuni genome copies (based on a genome size of 1.6 Mbp) and C. lanienae genome copies (based on a genome size of 0.8 Mbp) in 1 ng of DNA were 5.6 ϫ 10 5 and 1.1 ϫ 10 6 copies, respectively. Genomic DNA standards for both bacteria were diluted in a 10-fold dilution series in 10 mM Tris (pH 8.5); standard DNA was thawed and frozen a maximum of two times. The log 10 numbers of copies of C. jejuni and C. lanienae DNA in 2 l of template were determined relative to a standard curve, the data were converted to the numbers of genome copies in 2 l of template, and the mean of two observations per sample was calculated. If one of the duplicate samples was negative, it was entered as a missing value (i.e., the single positive value was used).
Microscopy. Tissue samples were placed in a histocassette, transferred to 2% freshly prepared paraformaldehyde (2 g of paraformaldehyde in 90 ml of H 2 O was heated to 60°C in a fume hood, 1 drop of 1 M NaOH was added, and the preparation was cooled to 4°C). Tissues were fixed in paraformaldehyde for 6 to 24 h at room temperature in a fume hood, rinsed with PBS, dehydrated in ethanol, and cleared in Histoclear (Fisher Scientific, Edmonton, Alberta, Canada) for 2 h at 60°C in a vacuum oven; the Histoclear was replaced, and the tissues were incubated at 60°C in the vacuum oven for an additional 2 h. Tissues were then embedded in Paraplast Plus (Fisher Scientific) using a Shandon Histocentre III (Fisher Scientific, Edmonton, Alberta, Canada) and were sectioned using a Finesse 325 microtome (Fisher Scientific). Sections were stained with Hp Yellow and Hp Blue used according to the manufacturer's protocol (Anatech Ltd., Battle Creek, MI); mucus appeared yellow, and bacteria embedded with mucus and intestinal tissues appeared blue. Sections were examined with a Zeiss Axioskop III (Carl Zeiss Canada Ltd., Toronto, Ontario, Canada), and images were recorded digitally using an Axiocam camera (Carl Zeiss Canada Ltd.).
FIG. 1. Schematic illustration of the method used for collection
and processing of tissue and digesta samples from two chronically shedding beef cattle. (A) In the field, the digestive tract was divided into "portions" that were arbitrary lengths. (B) Subsequently, each portion was excised into 20-cm "sections" (designated S1, S2, S3, etc.). (C) Each section was longitudinally incised, and digesta was collected and frozen at Ϫ20°C. Following removal of digesta, tissue plugs (designated T1, T2, T3, etc.) were removed at 3.3-cm intervals, placed in microcentrifuge tubes, and frozen at Ϫ20°C. At designated locations, tissue plugs also were removed for microscopy. DNA was extracted from digesta and tissue plugs and subjected to conventional PCR for the genus Campylobacter and an internal amplification control and to real-time quantitative PCR to determine the numbers of C. jejuni and C. lanienae associated with digesta and each tissue plug.
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RESULTS

Chronically shedding cattle. (i) Genus
Campylobacter. The total lengths of the small and large intestines obtained from steers A and B were 26.1 and 40.5 m, respectively. Despite possessing small and large intestines that were 14.4 m shorter, steer A (600 kg) was 60 kg heavier than steer B (540 kg). DNA was extracted, and conventional PCR for the genus Campylobacter was conducted with DNA extracted from 323 digesta and 998 tissue samples (total, 1,321 samples). Fifteen (7.7%; n ϭ 196) of the digesta samples obtained from steer B were negative for both the IAC and Campylobacter DNA. In contrast, all DNA samples extracted from the digesta obtained from steer A (n ϭ 127) were positive for the IAC and/or Campylobacter DNA. For the digesta of steers A and B, 98.4% (n ϭ 125) and 92.3% (n ϭ 167) of the samples were positive for Campylobacter DNA, respectively. For tissues obtained from steers A and B, 21 (5.4%; n ϭ 390) and 5 (0.8%; n ϭ 608) samples were negative for both the internal control and Campylobacter DNA, respectively. In all instances, samples that were negative for the IAC without amplification of Campylobacter DNA were excluded from the experiment. Of the 369 tissue samples obtained from steer A, 80.5% (n ϭ 297) were positive for Campylobacter DNA. In contrast, only 29.2% (n ϭ 176) of the tissue samples obtained from steer B were positive. Campylobacter DNA was detected in digesta and tissues obtained throughout the GI tract of both animals ( Fig. 2A and B and 3A and B). Three of four tissue samples taken from the pancreas of steer B were positive for Campylobacter DNA but did not contain either C. jejuni or C. lanienae.
(ii) C. jejuni. Digesta and tissue samples that were positive for Campylobacter DNA were subsequently subjected to nonnested RTQ-PCR for C. jejuni. For digesta, 97.6% (n ϭ 122) and 6.0% (n ϭ 10) of the samples obtained from steers A and B were positive for the bacterium, respectively. Similarly, a much higher percentage of the tissue samples obtained from steer A (69.6%; n ϭ 206) than of the tissue samples obtained from steer B (5.2%; n ϭ 9) were positive for C. jejuni DNA. In the digesta from steer A, the majority of C. jejuni DNA (typically Ͼ50 genome copies) was observed in the proximal small intestine (i.e., duodenum and jejunum) and in the large intestine (i.e., cecum and ascending colon) (Fig. 2C) . Although the density of C. jejuni DNA associated with tissues was typically less than the density in the digesta, a similar pattern of C. jejuni abundance associated with intestinal tissues was observed in the small intestine but not in the large intestine of steer A (Fig.  2D) . In particular, an abundance of C. jejuni DNA (3 to 292 genome copies from ϳ0 to 1.4 m and 4 to 76 genome copies from ϳ2.1 to 3.4 m) was observed in the duodenum and proximal jejunum (Fig. 2D) . Appreciable quantities of C. jejuni DNA also were observed in the mid-jejunum (11 to 64 genome copies from ϳ12.6 to 13.5 m) and in the proximal ascending colon (6 to 58 genome copies from ϳ19.4 to 19.7 m). of the small and large intestines, where "a" is the duodenum, "b" is the jejunum, "c" is the ileum, "d" is the cecum, "e" is the ascending colon, "f" is the transverse colon, "g" is the descending colon, and "h" is the rectum. The arrow indicates a region where there was abundant C. jejuni DNA. The total length of the small and large intestines was 26.1 m.
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(iii) C. lanienae. Nested RTQ-PCR for C. lanienae was applied to DNA extracted from digesta and intestinal tissues. For digesta, 85.6% (n ϭ 107) and 88.6% (n ϭ 148) of the samples obtained from steers A and B were positive for C. lanienae DNA, respectively. High percentages of tissue samples obtained from both steers also were positive for this bacterium; DNA was detected in 55.6% (n ϭ 165) and 65.9% (n ϭ 116) of the samples obtained from steers A and B, respectively. Although similar percentages of the samples were positive for C. lanienae DNA for the two steers, relatively small quantities of DNA were associated with digesta and tissues obtained from steer A (typically Յ5 genome copies); in contrast, substantial amounts of C. lanienae DNA (typically Ͼ50 genome copies) were detected in samples from steer B. Similar distribution patterns of C. lanienae were observed for both the digesta and the tissues obtained from steer B. In digesta, C. lanienae DNA was primarily concentrated in the cecum (420 to 460 genome copies from ϳ33.1 to 33.5 m), in the proximal ascending colon (83 to 768 genome copies from ϳ33.5 to 36.4 m), and in the descending colon and rectum ( Fig. 3C and D) , and the greatest quantities of DNA were observed in the descending colon and rectum (423 to 5,876 genome copies from ϳ39.7 to 40.5 m). In association with tissues, 6 to 188 genome copies were observed in the cecum (ϳ33.1 to 33.4 m), 19 to 86 genome copies were observed in the ascending colon (ϳ33.5 to 34.0 m), 5 to 1,234 genome copies were observed in the descending colon (ϳ39.2 to 40.1 m), and 32 to 716 genome copies were observed in the rectum (ϳ40.1 to 40.4 m).
DNA of both C. lanienae and C. jejuni were obtained from 84.0% and 6.0% of the digesta samples obtained from steers A and B, respectively. For the tissues, 42.6% and 2.3% of the samples obtained from steers A and B were positive for DNA of both bacteria, respectively.
Cattle survey. (i) Digesta. To confirm that the colonization sites described above occur in other beef cattle, the intestines of 20 arbitrarily selected individuals were subsequently obtained and examined by PCR. Campylobacter DNA was detected in the digesta obtained from 18 of 19 animals. An IAC or Campylobacter amplicon was not obtained from digesta from one animal. Using RTQ-PCR, DNA of C. jejuni was detected in 57.9% (n ϭ 11) of the digesta samples (Fig. 4A) . In particular, substantial quantities (3,033 genome copies) of C. jejuni DNA were observed in the digesta of animal 12. DNA of C. lanienae was detected in 94.7% (n ϭ 18) of the digesta samples (Fig. 4B) . Relatively large quantities of C. lanienae DNA were observed in the digesta of animals 10 (7,169 genome copies) and 15 (12,001 genome copies).
(ii) Intestinal tissues. DNA extracted from intestinal tissues washed with PBS was also subjected to conventional PCR and RTQ-PCR. An IAC or Campylobacter genus-specific amplicon was not detected in 10 of 218 (4.6%) tissue samples. Of the remaining samples, 20.2% (n ϭ 42) were positive for C. jejuni. and large intestines, where "a" is the duodenum, "b" is the jejunum, "c" is the ileum, "d" is the cecum, "e" is the ascending colon, "f" is the transverse colon, "g" is the descending colon, and "h" is the rectum. The total length of the small and large intestines was 40.5 m.
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Two animals that possessed C. jejuni DNA in digesta were deemed negative for the bacterium in tissues. Conversely, for three animals that were negative for C. jejuni in digesta, tissue samples were positive for the bacterium. Altogether (i.e., digesta and tissue samples combined), 70.0% of the 20 beef animals sampled were positive for C. jejuni. On average, C. jejuni DNA was most frequently detected in the proximal duodenum, but DNA of this bacterium also was observed at various frequencies in all regions except the proximal jejunum (Fig. 5A) . C. jejuni was most abundant in the duodenum, ileum, and rectum (Fig. 5A) . However, one animal contributed disproportionately to the mean value for samples obtained from the ileum and rectum; 878 and 318 copies of the C. jejuni mapA gene were detected in 2 l of template from the ileum and rectum, respectively. This animal was a 24-month-old heifer with pneumonia at the time of euthanasia. In support of the RTQ-PCR data, Campylobacter cells were associated with mucus on the surface of the intestinal epithelium; most cells occurred singly or in accumulations of a limited number of cells that were either embedded within mucus or associated with mucus strands (Fig. 6A and B) .
Tissue samples taken from all animals were positive for C. lanienae DNA. Overall, 52.9% (n ϭ 110) of the tissue samples were positive for the bacterium. The highest frequency of samples positive for C. lanienae was obtained for the large intestine, but a relatively high percentage of samples taken from the duodenum also were positive for this bacterium (Fig. 5B) . C. lanienae DNA was most abundant in tissue samples from the cecum, ascending colon, descending colon, and rectum on average (Fig. 5B) .
DISCUSSION
Elucidating the site of colonization, the mechanisms utilized by campylobacters to colonize and persist within the intestine of cattle, and factors that interfere with this process is fundamental if efficacious management strategies are to be developed. In the current study, both C. jejuni (70% of the samples examined) and C. lanienae (56%) were commonly associated with intestinal tissues obtained from steer A. In contrast, DNA of C. lanienae (66%) but not DNA of C. jejuni (5%) was commonly detected in tissues obtained from steer B. Although DNA of both taxa were abundant, appreciable quantities of 
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on September 9, 2017 by guest http://aem.asm.org/ each bacterium occurred in relatively restricted sites along the intestinal tract. C. jejuni was primarily concentrated in the proximal region of the small intestine. In contrast, C. lanienae populations were concentrated in the large intestine, including the cecum, proximal ascending colon, distal descending colon, and rectum. In a second study, C. jejuni and C. lanienae abundance was examined at 11 intestinal sites in 20 arbitrarily selected beef cattle, and the data obtained supported the conclusion that C. jejuni primarily colonizes the small intestine, whereas C. lanienae dwells in the large intestine. Other workers have isolated Campylobacter species from various regions of the GI tract of cattle (1, 2, 3, 4, 5, 13, 28, 32, 37, 39, 40) . However, all previous studies have relied on relatively restricted and/or undefined sampling sites in healthy or diseased tissues. For example, Stanley et al. (37) cultured thermophilic campylobacters from digesta collected at single locations in the true stomach (i.e., omasum), small intestine, cecum, and colon of healthy cattle, but they did not disclose the specific locations from which samples were obtained. It is widely thought that campylobacters are nonpathogenic in adult ruminants (38) . Other animals, such as avians, rodents, and dogs, also appear to contain C. jejuni as part of their normal gut flora (16) . Although cattle are putatively asymptomatic carriers of campylobacters, campylobacters can incite enteritis in calves (1, 2, 3, 4, 5, 8, 11, 39, 40) , in which pathological changes are typically observed in the ileum and large intestine (3, 39, 40) . In other animals suffering from enteritis caused by Campylobacter species, the ileum and colon are typically infected, and the bacteria interfere with the absorptive capacity of the intestine (16) . We observed conspicuously large quantities of C. jejuni DNA in the ileum of one animal, a 24-month-old heifer suffering from pneumonia at the time of slaughter. This animal also was shedding conspicuously large numbers of C. jejuni in its feces (ϳ10 6 CFU g Ϫ1 ), but we noted no conspicuous evidence of infection (e.g., inflammation) or diarrhea in this animal. When gut loops of the jejunum and anterior ileum of calves were used, none of 15 C. jejuni strains induced abnormal fluid accumulation or histopathological changes (23) . Although in this study evidence of diarrhea was not observed in small intestinal gut loops, the absence of diarrhea in adult cattle colonized by Campylobacter species may not be a good indicator of nonpathogenesis. Diarrhea in humans and other mammals is often malabsoptive in nature, but adult cattle are able to absorb enormous quantities of water in their colons (14) , which may explain why they remain asymptomatic. Whether the abundance of C. jejuni in the ileum of the animal suffering from pneumonia was related to pathogenesis is not known and warrants study. Furthermore, the influence of the health status of adult cattle on pathogenesis caused by C. jejuni may be important. Immunodeficient humans may be more prone to infections by Campylobacter species (35) , but the role of the physiological status of humans in infection by campylobacters is uncertain. Some anecdotal evidence suggests that shedding of campylobacters is increased in stressed livestock (41) ; it is possible that physiologically stressed livestock are more susceptible to infection by campylobacters, and this warrants study.
The large and small intestines are diverse organs physiologically and microbiologically, and studying the colonization of the GI tract of cattle by Campylobacter species presented a number of logistical problems. Two of the most salient difficulties were the substantial length of the intestines of adult cattle and the fastidiousness of Campylobacter species. The intestinal tract of a full-grown ox is typically 33 to 63 m long (29) . The two animals that we examined in detail in the current study were housed in adjacent stalls during the experimental period (ca. 170 days), and they were young adults of similar weight, age, genetics, and nutrition (within the feedlot). Yet surprisingly they possessed intestinal tracts that differed greatly in length. Despite being 60 kg heavier, steer A had a much shorter intestinal tract (ϳ26 m) than steer B (ϳ40 m); the major difference between the two animals was primarily in the length of the jejunum (19 m compared to 33 m). Very limited research has addressed intestinal lengths in cattle, and the on September 9, 2017 by guest http://aem.asm.org/ reasons for the tremendous discrepancy in the lengths of the intestinal tracts of the two cattle are currently unknown. Regardless of the reasons for the differences in length, both intestinal tracts were extensive, which presented a major obstacle in elucidating the site of colonization. The second obstacle faced was the need to enumerate Campylobacter species for a large number of samples. Tissue samples were obtained at a maximum of 6.7-cm intervals along the entire length of the intestinal tract of both steers examined, which resulted in a large number of tissue samples (ϳ1,000) obtained in 2 days. Because of the inherent limitations of culture-based enumeration methods combined with the extensive lengths of the intestinal tracts of adult cattle, we employed PCR detection and quantification methods. Furthermore, a decision was made to target both C. jejuni and C. lanienae. C. jejuni was investigated because it is currently recognized as the primary species that incites gastroenteritis in humans (24) . Although very little is known about the pathogenicity of C. lanienae, this bacterium was initially isolated from the feces of healthy abattoir workers exposed to pigs and cattle (22) . C. lanienae is commonly shed in the feces of beef cattle (17, 18, 19, 20) . Although many cattle-associated strains of C. lanienae cannot be cultured on charcoal cefoperazone desoxycholate agar (17) , the high frequency of occurrence of this organism in cattle makes it a candidate for an indicator microorganism (e.g., for antimicrobial resistance development in campylobacters). In the current study, we expressed the densities of C. jejuni and C. lanienae as the numbers of genome copies present in 2 l of template. In some instances, very high densities of cells were detected. For example, we observed densities of C. jejuni and C. lanienae as high as ϳ3,000 and ϳ27,000 genome copies in templates extracted from digesta, respectively; these densities convert to ϳ7 ϫ 10 5 CFU g Ϫ1 for C. jejuni and ϳ7 ϫ 10 6 CFU g Ϫ1 for C. lanienae (18) . However, cell densities in the ranges from 10 3 to 10 4 CFU g Ϫ1 and from 10 4 to 10 5 CFU g Ϫ1 were more common for C. jejuni and C. lanienae, respectively.
PCR-based technologies are not without their logistical problems. The first obstacle is the adequate removal of PCR inhibitors; feces and their constituents contain a number of inhibitors (21, 27, 42) . Inclusion of an IAC is considered a prerequisite for diagnostic PCR (15), and we used an IAC designed so that it was amplified with a Campylobacter genusspecific primer set (17) . Using this method, 3% of the tissue samples obtained from the intestinal tracts of the two chronically shedding steers did not produce either a genus or IAC amplicon, which was indicative of the presence of PCR inhibitors or inadequate extraction. A large percentage of the remaining samples were positive for campylobacters when a genus-specific primer set was used; for steers A and B, 81% and 29% of the tissue samples were positive for Campylobacter DNA, respectively. Furthermore, Campylobacter DNA was detected throughout the intestinal tracts of both animals, thereby limiting any useful conclusions concerning the site of colonization based on the genus-specific primer set. The pancreas of steer B also was positive for Campylobacter DNA but did not contain either C. jejuni or C. lanienae. To our knowledge, infection of the bovine pancreas has not been documented, but pancreatitis in humans infected with Campylobacter species has been reported (6, 10, 12, 33) .
Intestinal samples that were positive for Campylobacter DNA were subsequently subjected to nested or nonnested RTQ-PCR (18) . Nonnested RTQ-PCR targeting the mapA gene of C. jejuni was shown to have adequate sensitivity and specificity, but nested RTQ-PCR targeting the 16S rRNA gene was required to quantify C. lanienae. To our knowledge, this is the first time that this technology has been used to quantify Campylobacter populations in GI tracts. The two steers selected for study were identified as chronic shedders of both C. jejuni and C. lanienae (20) , and the reasons that only one bacterium was abundant in each animal are not known. However, steer A was shedding particularly large quantities (Ն10 4 CFU g Ϫ1 ) of C. jejuni just prior to slaughter, whereas steer B was not (20) . Conversely, steer B but not steer A was shedding a large number of C. lanienae cells just before slaughter (20) . The shedding data for the steers before slaughter also correspond to the low densities of C. jejuni and C. lanienae cells that we found in the digesta of steers B and A, respectively, in the current study. This suggests that the quantities of Campylobacter cells shed in feces are correlated with the population densities of the bacteria associated with intestinal tissues and raises questions about what factors influence population increases in the GI tract and thus shedding of campylobacters in feces.
In the current study, we carefully washed the intestinal surface with phosphate-buffered saline in order to remove digesta but maintain as much mucus integrity as possible. Not surprisingly, the viscosity of the digesta and the quantity of mucus varied tremendously in the different regions of the intestinal tract. For example, digesta in the rectum was very viscous compared to the liquid digesta found in the duodenum and proximal jejunum. There were two potential artifacts resulting from the tissue washing step: (i) inadequate removal of digesta, particularly viscous digesta in the colon, resulting in contamination of the mucosa with Campylobacter cells present in the digesta; and (ii) overexuberant washing, resulting in the loss of campylobacters associated with the mucosal surface. Although it was not possible to ensure complete removal of the digesta from the surface of the mucosa and thus eliminate all Campylobacter cells present in the digesta, the use of RTQ-PCR to quantify campylobacters obtained from washed tissue samples collected in close proximity to each other indicated that we were indeed measuring tissue-associated bacteria (i.e., inadequate washing of a tissue sample would be detected by comparison to adjacent samples that were properly washed). The second potential artifact was overwashing of the intestinal tissues. However, a comparison of C. jejuni and C. lanienae populations present in the large intestine did not support this possibility. Considerable quantities of C. jejuni DNA were observed in the digesta but not in washed tissues of the large intestine. In contrast, substantial quantities of C. lanienae DNA were observed both in the digesta and in association with tissues obtained from the large intestine; the same digesta and tissues were processed for both bacteria. Furthermore, microscopic examination of washed tissues revealed the presence of spiral-shaped bacteria in association with intestinal mucosa.
The vast majority of previous studies examining the colonization of the GI tracts of healthy cattle by Campylobacter species have relied on microbiological assessments of campylobacters present in digesta (13, 28, 32, 37 
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Campylobacter abundance associated with intestinal tissues illustrate the potential pitfalls of relying on digesta to elucidate colonization sites within the intestinal tract. For example, by sampling digesta within the large intestine, a researcher may erroneous conclude that C. jejuni readily colonizes the ascending colon of healthy cattle. This would be consistent with data for other animals, in which the mucus layer and crypts of the intestinal mucosa of the colon and cecum are colonized (16) .
However, our results demonstrate that this is not the case in presumably healthy adult cattle, in which C. jejuni primarily colonizes the small intestine and bacterial cells released from this site subsequently accumulate in digesta within the colon. Interestingly, our results also clearly show that C. lanienae colonizes the large intestine and is commonly associated with the cecum, descending colon, and rectum. Conditions (e.g., oxygen tension, pH, host receptors, microflora) vary substantially in different parts of the intestinal tract, which may explain the different colonization sites for these two bacteria within the intestinal tract of cattle.
In conclusion, we utilized conventional and quantitative PCR to determine where C. jejuni and C. lanienae colonize the intestinal tract of cattle. Our results suggest that C. jejuni primarily colonizes the small intestine (i.e., duodenum and jejunum) of healthy cattle, whereas C. lanienae is primarily a large intestine dweller. Thus, these two bacteria occur in distinctly different locations in the intestines of cattle. One aspect of on-farm food safety is implementation of methods that prevent colonization of the GI tract and thereby reduce shedding of human-pathogenic bacteria in feces. Knowledge of the site and process of colonization of the GI tract of cattle by Campylobacter species should facilitate the development of efficacious on-farm management strategies. For example, if an efficacious "probiotic" is to be developed, it is important to understand the microbial ecology of the intestinal tract where the Campylobacter species reside.
